Complement, an important effector mechanism of the immune system, is an enzymatic cascade of approx. 30 serum proteins leading to the amplification of a specific humoral response. It can be activated through the classical or alternative pathways, or through the mannose-binding lectin pathway. The activation of the classical pathway is initiated by the binding of the C1 component to antigen-bound antibodies, known as immunocomplexes. C1 is a complex of one molecule of C1q, two molecules of C1r and two molecules of C1s. C1q contains three copies of a Y-shaped fundamental unit with globular heads included in its structure, which play a major role in the interaction with the Fc portion of immunoglobulins. Deficient or exacerbated activation of the complement system leads to diseases of variable severity, and pharmacological inhibition of the complement system is considered as a therapeutic strategy to ameliorate the inflammatory effects of exacerbated complement activation. Bilirubin is a product of haem degradation by the concerted action of haem oxygenase, which converts haem into biliverdin, and biliverdin reductase, which reduces biliverdin to UCB (unconjugated bilirubin). UCB exerts both cytoprotective and cytotoxic effects in a variety of tissues and cells, acting either as an antioxidant at low concentrations or as an oxidant at high concentrations. In the present review, we describe in detail the anticomplement properties of bilirubin, occurring at levels above the UCB concentrations found in normal human serum, as a beneficial effect of potential clinical relevance. We provide evidence that UCB interferes with the interaction between C1q and immunoglobulins, thus inhibiting the initial step in the activation of complement through the classical pathway. A molecular model is proposed for the interaction between UCB and C1q.
Figure 1 Pathways of complement activation
The complement system can be activated by three different routes: (i) the CP is activated by antigen-antibody interaction; (ii) the alternative pathway can be initiated when a complement component, spontaneously activated, binds to a pathogen surface; and (iii) the MBL pathway is initiated upon binding of the MBL to mannose residues on bacteria or viruses. These three routes converge in the complement cascade that leads ultimately to the destruction and clearance of the invader pathogen.
The main physiological effects of activation and fixation of the complement system include: (i) lysis of target cells or micro-organisms; (ii) opsonization of antigens or immunocomplexes, which optimizes phagocytosis and elimination of immunocomplexes; (iii) improvement of phagocyte chemotaxis and the control of the inflammatory response by diffusible products of activated complement, the anaphilotoxins C3a and C5a; (iv) amplification of the specific humoral response; and (v) neutralization of certain viruses [1] .
Innate responses frequently involve complement, acute-phase proteins and cytokines. The early events of complement activation, which are based on an enzymatic amplifying cascade comparable with that seen in blood clotting, can be triggered by one of three pathways: the CP (classical pathway), the alternative pathway and the MBL (mannose-binding lectin) pathway ( Figure 1 ) [2] . The CP is activated by antigen-antibody complexes and is initiated by the binding of the C1 component of complement to the Fc fragment of the antibody molecule. The alternative pathway is activated directly by microbial cell walls. The MBL pathway resembles the CP, but is initiated in the absence of antibodies by the interaction of microbial carbohydrates with mannose-binding proteins in the plasma [3] . Irrespective of the source of activation, the final outcome is the generation of a number of immunologically active substances. A proteolytic cleavage fragment of the complement component C3, the C3b molecule, becomes deposited on the surface of micro-organisms. This event enhances phagocytosis of the microbe, as a consequence of phagocytic cells having cell-surface receptors for C3b. The complement fragments C3a, C4a and C5a release inflammatory mediators from mast cells. C5a also acts as a powerful neutrophil chemoattractant. All three activation routes converge at the level of C3 to form the C5 convertase. The sequential binding of the complement components C5b, C6, C7, C8 and C9 form the MAC (membraneattack complex), which perforates cell membranes and thereby leads to the death of the target cell (reviewed in [4] ). A schematic representation of the CP and final MAC structure is shown in Figure 2 .
For every stage of activation of the CP there are regulatory proteins which bring about rapid destruction of the activated factor, thereby preventing complete consumption of plasma C4 and C2 in the fluid phase. This is the reason for the evolutionary creation of various regulatory strategies which prevent host damage. Rapid inactivation of C1 to prevent uncontrollable activation of complement is brought about by the non-enzymic protein C1 inhibitor. C3 convertase is eliminated in two phases. First, C2a dissociates spontaneously from C4b, a process which is promoted by the C4-binding protein and DAF (decay-accelerating factor; CD55), which is found within the membrane of red blood cells and many different cell types. In the second phase, residual bound C4b is degraded further into C4c, which dissociates from the target membrane, leaving only C4d attached to this membrane. This degradation is brought about by the enzyme factor I, aided by C4-binding protein and the C3 receptor CR1. Factor I also cleaves bound C3b. Once C3 is inactivated it can no longer bind C5, hence further production of MAC is prevented. Plasma protein S and membrane protein CD59 also avoid reactive lysis by MAC on self-membranes. Finally, various components of the activated complement system are unstable intermediates in solution and are rapidly degraded when they are not in close proximity to the target cell ( [5] , and reviewed in [6] ).
The activation of the CP is initiated by the binding of C1 to antigen-bound antibodies. C1 is a complex of one molecule of C1q, two molecules of C1r and two molecules of C1s (Figure 3 ), which is stabilized by Ca 2+ ions. C1q is a 460 kDa hexameric protein comprising six heterotrimeric collagen-like triple-helical fibres, each containing a C-terminal globular region that supports most, if not all, of the C1 recognition activities (reviewed in [7, 8] ). Thus the image of the whole C1q molecule resembles that of a 'tulip bunch' with 18 polypeptide chains and six globular heads. C1q has been shown to be capable of recognizing over 50 structurally diverse ligands. Some of these ligands (e.g. aggregated IgG and IgM) bind to the globular domains of C1q, whereas other ligands, such as C-reactive protein, have been shown to
Figure 2 The CP of complement activation
The activation of the CP is initiated by the binding of C1 to antigen-bound IgG or IgM antibodies, which results in activated C1. The next step in the cascade is the catalytic cleavage of C4 and C2 by the activated C1, thus rendering C4b2a, or C3 convertase of the CP, which in turn cleaves C3 to give C4b2a3b or C5 convertase of the CP. This enzyme acts on C5, resulting in the generation of C5b. The sequential binding of C6, C7, C8 and C9 gives rise to C5b-9 or MAC. The schematic structure of MAC is shown at the end of this cascade.
Figure 3 Structure of the C1 component
The C1 component is found in fresh serum as a pentamolecular complex formed by one molecule of C1q, two molecules of C1r and two molecules of C1s, which are kept together in the presence of Ca 2+ ions.
bind to the collagen-like regions (reviewed in [9] ). The C1r and C1s units relay on the 'arms' of the C1q molecule. The catalytic domain of C1r is located at the centre of the complex. Upon binding of C1q to a target, movement of the collagen stems of C1q causes C1r to autoactivate. Activated C1r then cleaves and activates C1s (reviewed in [10] ).
BIOLOGICAL IMPLICATIONS OF THE ACTIVATION OF THE COMPLEMENT SYSTEM
The three main physiological activities of the complement system are as outlined below.
Host defence against infection
The opsonization of antigens and immunocomplexes occurs through the covalent binding of C3 and C4 fragments. The anaphylatoxins C3a and C5a and their receptors on leucocyte surfaces are responsible for chemotaxis and activation of white blood cells. Finally, the assembly of MAC results in the lysis of viruses, bacteria and cells ( [11] , and reviewed in [12] ).
Interface between innate and adaptive immunity
C3b and C4b, bound to immune complexes and antigens, increase the antibody responses, as is the case for C3 receptors on B-cells and antigen-presenting cells. Furthermore, 'immunological memory' is enhanced by C3b and C4b fragments bound to immunocomplexes and to antigens, as well as by C3 receptors on follicular dendritic cells (reviewed in [12] ).
Disposal of waste
C1q and covalently bound fragments of C3 and C4 are responsible for the clearance of immunocomplexes and apoptotic cells (reviewed in [12] ).
DISEASES ASSOCIATED WITH ACTIVATION OF THE COMPLEMENT SYSTEM
The complement system has critical immunoprotective and immunoregulatory functions, but complement activation can also lead to severe disturbances.
Asthma
It has been proposed that the complement system plays an important role in the pathogenesis of asthma. Humbles and co-workers [13] and Bautsch and co-workers [14] have shown that C3a-receptor-deficient mice and guinea-pigs are protected against bronchoconstriction and airway hyper-responsiveness produced by allergen challenge. Krug et al. [15] suggested that anaphylatoxins C3a and C5a contribute to the pathogenesis of asthma, as both of these complement factors are increased in bronchoalveolar lavage fluid after segmental allergen provocation in subjects with asthma. Baelder et al. [16] proposed an important and exclusive role for C5a receptor signalling in the development of airway hyperresponsiveness during pulmonary allergen challenge, whereas both anaphylatoxins contribute to airway inflammation and IL-4 (interleukin-4) production.
Acquired haemolytic anaemia
Immune activation is a major cause of acquired haemolytic anaemia. Physiopathologically, the term haemolysis refers to a shortened survival of erythrocytes in blood. Aetiologically, haemolysis is caused by various factors that injure the erythrocyte, thus leading to its accelerated disappearance from blood [17] . 
Alzheimer's disease
Alzheimer's disease is a neurodegenerative disease resulting in progressive cognitive decline. Amyloid plaque deposits, consisting specifically of β-amyloid peptides that have formed fibrils displaying a β-pleated sheet conformation, are associated with activated microglia and astrocytes, and co-localize with C1q and other complement activation products, and appear at the time of cognitive decline in Alzheimer's disease. APP (amyloid precursor protein) transgenic mouse models of Alzheimer's disease, which lack the ability to activate the CP, have a reduced neuropathology compared with wild-type mice, consistent with the hypothesis that complement activation and the resultant inflammation may play a role in the pathogenesis of Alzheimer's disease [19] . Plaque-and cell-associated C3 immunoreactivity is observed in both animal models and, surprisingly, is increased in transgenic mice, thus providing evidence for activation of the alternative pathway [20] . The unexpected increase in C3 levels in transgenic mice, in conjunction with a decrease in neuropathology, provides support for the hypothesis that complement can mediate protective as well as detrimental events in this disease [19] .
DEFICIENCY IN COMPLEMENT ACTIVATION CASCADE COMPONENTS AND REGULATORY PROTEINS AS A CAUSE OF DISEASE

Autoimmune diseases
Purified C1q and MBL bind to apoptotic cells and facilitate their phagocytosis by macrophages [21, 22] . Deficiencies in these early components of the complement activation cascade result in impaired clearance/removal of apoptotic cells by macrophages upon autoimmune activation. It has been shown that inherited C1q deficiency is associated with an elevated risk for the development of systemic lupus erythematosus (reviewed in [23] ).
Hereditary angioedema
Deficiency in complement regulatory proteins is also involved in hereditary angioedema. C1 inhibitor deficiency is the genetic defect underlying this pathology. Patients with hereditary angioedema suffer from recurrent episodes that may result in death when it affects the larynx, in severe abdominal pain when it affects the gastrointestinal mucosa and in disfiguration when it affects the skin [24] .
Paroxysmal nocturnal haemoglobinuria
In the rare haemolytic disease paroxysmal nocturnal haemoglobinuria, somatic mutations result in a deficiency in glycosylphosphatidylinositol-linked surface proteins of haemopoietic stem cells, including the terminal complement inhibitor CD59. In a dysfunctional bone marrow background, these mutated progenitor blood cells expand and populate the periphery. Deficiency in CD59 in paroxysmal nocturnal haemoglobinuria red blood cells results in chronic complement-mediated intravascular haemolysis, a process central to the morbidity and mortality in this disease [25] .
Myocardial ischaemia/reperfusion injury
Myocardial ischaemia/reperfusion injury processes are associated with complement activation. Ischaemic tissues lose complement regulatory proteins and, consequently, their anti-complement self-protection, thus activating the alternative pathway. In addition, the CP can be activated by antibodies against antigens that are released by the necrotic tissue, such as the cardiac mitochondrial particle cardiolipin, or by the fibrinolytic system. Accordingly, the complement proteins C1q, C3, C4 and C5, and MAC components are present in ischaemic areas [26, 27] .
LIVER DISEASES ASSOCIATED WITH COMPLEMENT ACTIVATION Liver fibrosis
C5 and C5a receptor have been shown to play a critical role in the pathogenesis of liver fibrosis. Immunocytochemistry and confocal laser scanning microscopy analyses showed the expression of high levels of C5a receptor 1 on hepatic stellate cells during trans-differentiation to myofibroblasts in culture, which increased significantly in dead cells [28] . Stimulation of C5a receptor 1 by C5a can up-regulate fibronectin expression and induce prostanoid release in hepatic stellate cells [29, 30] .
Viral hepatitis
More than half a billion people worldwide are chronically infected with HBV (hepatitis B virus) or HCV (hepatitis C virus), which are a leading cause of cytolysis, fibrosis and cirrhosis. The mechanisms responsible for virus persistence and disease pathogenesis remain poorly understood, although an interaction of hepatitis viruses with the host immune system is probably involved (reviewed in [31] ). Cold activation of complement was reported in patients with chronic HCV infection, which contributed to HCV-associated liver damage and was useful in monitoring a response to interferon therapy in these patients [32, 33] . Immunohistochemistry showed that MAC was present in hepatocytes surrounding necrotic areas in patients with fulminant and acute hepatitis [34] , supporting further the concept that the complement system is activated and involved in the pathogenesis of HCV-associated liver disease. Genetic polymorphisms are one of the most important factors that determine plasma levels of MBL. Individuals possessing variant alleles of MBL have low plasma levels of this protein. MBL has a dose-dependent correlation with cirrhosis and hepatocellular carcinoma in progressed HBV carriers [35, 36] , who probably become viral-persistent after HBV infection [37] . Moreover, it was also demonstrated that MBL binds hepatitis B surface antigen in vitro in a dose-and calciumdependent, and mannan-inhibited manner, and that this binding also enhanced C4 deposition [36] . Finally, chronic HBV and HCV infection resulted in a decrease in serum MBL levels, which was probably due to impaired hepatic production of this protein [38] . Taken together, these findings suggest that patients with variant alleles of MBL have low levels of this protein, which are associated with progression of liver disease and viral persistence after HBV infection (reviewed in [39] ).
Liver ischaemia/reperfusion injury
Liver ischaemia/reperfusion injury occurs during liver surgery and transplantation, and is triggered by a complex inflammatory response following temporary deprivation of blood supply. Two distinct phases of hepatic ischaemia/reperfusion injury have been identified. The initial phase involves Kupffer cell activation and production of oxidative stress. The later phase is characterized by massive neutrophil infiltration (reviewed in [40] ). The involvement of complement activation in liver ischaemia/reperfusion injury in a rat model was first reported by Jaeschke et al. [41] . They demonstrated that depletion of serum C, by treatment with cobra venom factor before ischaemia, prevented Kupffer-cell-induced oxidative stress, accumulation of polymorphonuclear leucocytes in the liver and hepatic injury caused by ischaemia/reperfusion. Furthermore, treatment with a C5a receptor antagonist reduced total hepatic ischaemia/reperfusion-induced mortality and ameliorated the partial ischaemia/reperfusion-induced liver injury and accumulation of polymorphonuclear leucocytes in the liver (reviewed in [42] ). Deposition of MAC was found to be elevated in the post-operative specimens of patients with liver transplantation, and correlated positively with the number of leucocytes and platelets accumulating within the graft, and with an increase in post-operative serum levels of aspartate aminotransferase [43] . This suggests that complement activation may contribute to rejection after liver transplantation [44] . Moreover, complement activation may play an important role in the rejection of hepatic xenotransplants [45] .
THERAPEUTIC APPLICATION OF COMPLEMENT SYSTEM INACTIVATION
Understanding the mechanisms which down-regulate the action of complement could contribute to the development of therapeutic strategies to ameliorate the inflammatory effects in diseases that involve complement activation. It is worth noting that some drugs, through their anti-complement action, attenuate symptoms in diseases that involve an inflammatory component. The root extract from Glycyrrhiza glabra (regaliz) is known for its anti-inflammatory and anti-allergic properties, which are attributed to one of its main components, β-glycyrrhetinic acid. Kroes et al. [46] demonstrated that this steroid component is able to inhibit the CP. This property was found to be strictly dependent on the conformational structure of β-glycyrrhetinic acid, as its α-isomer did not exhibit anti-complement activity. A mechanistic study showed that β-glycyrrhetinic acid acts through its modulatory properties on the C2 component [46] . Therapeutic inhibition of the complement cascade at the C5 level using specific antibodies might impair the formation of the potent anaphilatoxin and chemotactic peptide C5a, thus attenuating the inflammatory reactions mediated by complement (reviewed in [47] ). In this regard, it was demonstrated in a murine model of systemic lupus erythematosus that therapy with monoclonal anti-C5 antibody resulted in a significant decrease in the progression of lupic glomerulonephritis and in a marked increase in animal survival [48] . A humanized monoclonal antibody directed against C5, eculizumab, blocks the pro-inflammatory and cytolytic effects of terminal complement activation. The recent approval of eculizumab as a first-in-class complement inhibitor for the treatment of paroxysmal nocturnal haemoglobinuria validates the concept of complement inhibition as an effective therapy, and provides the rationale for the investigation of other conditions in which complement plays a pathogenetic role [25] .
Cobra venom factor, the complement-activating protein in cobra venom, is a structural and functional analogue of C3. In serum, cobra venom factor forms a physicochemically stable and regulation-resistant C3/C5 convertase that continuously activates C3 and C5, leading ultimately to depletion of serum complement. Complement depletion is an attractive concept for pharmacological intervention in diseases where complement activation is part of the pathogenic mechanism. The structural homology of cobra venom factor and C3 has been exploited by creating hybrid proteins in which short portions of C3 sequence have been exchanged with corresponding portions of cobra venom factor that introduce into human C3 the desired ability of forming a stable convertase. These human C3 derivatives are 'humanized cobra venom factor' proteins that provide an attractive biopharmaceutical tool for therapeutic complement depletion [49, 50] .
Despite antibiotic treatment, pneumococcal meningitis continues to be associated with significant morbidity and mortality. C1 inhibitor treatment was associated with reduced clinical illness, a less-pronounced inflammatory infiltrate around the meninges, and lower brain levels of pro-inflammatory cytokines and chemokines. C1 inhibitor treatment increased bacterial clearance, possibly through an up-regulation of CR3. Hence C1 inhibitor may be a useful agent in the treatment of pneumococcal meningitis [51] . The satisfactory outcome of the studies in animals has led various groups to assay soluble CR1 or C1 inhibitor in certain human diseases, such as the acute respiratory distress syndrome (reviewed in [52] ), myocardial infarction or septic shock [53] .
BILIRUBIN: FORMATION, METABOLISM AND CYTOTOXIC EFFECTS
UCB (unconjugated bilirubin) is a product of haem degradation by the concerted action of haem oxygenase, which converts haem into BV (biliverdin), and BV reductase, which reduces BV into UCB (reviewed in [54, 55] ). Under normal circumstances, UCB is conjugated in the liver with one or two glucuronic acid residues by the UDP-glucuronosyltransferase isoform UGT1A1. The resulting glucuronides are eliminated by biliary excretion and are degraded further in the gut. When UCB production is increased (e.g. due to excessive haemolysis) and/or glucuronidation is impaired, it accumulates in blood. Upon saturation of the plasma albumin-binding capacity for UCB, the free (unbound) pigment may cross the blood-brain barrier and precipitate in specific brain areas, such as the basal ganglia (kernicterus), producing a wide array of neurological deficits collectively known as bilirubin encephalopathy. These include irreversible abnormalities in motor, sensory (auditory and ocular) and cognitive functions (reviewed in [56] ).
The toxic effects of UCB in neural cells in culture include: (i) changes in cell morphology and viability, (ii) apoptotic cell death, (iii) impairment of mitochondrial function leading to uncoupling of oxidative phosphorylation, (iv) inhibition of DNA and protein synthesis, (v) changes in carbohydrate metabolism, and (vi) modulation of the synthesis, release and uptake of neurotransmitters (for a review on UCB neurotoxicity see [57] ).
CYTOPROTECTIVE PROPERTIES OF BILIRUBIN RESULTING FROM ITS ANTIOXIDANT FUNCTION
A protective role for bilirubin in pneumococcal infection had already been suggested in the late 1930s [58] . Subsequently, the protective effect of bilirubin and BV against the oxidation of essential fatty acids and vitamin A was first reported by Bernhard et al. [59] . Stocker et al. [60] paved the way for the final recognition of UCB as a potent natural antioxidant with cytoprotective properties. Since then, many studies have shown that low (micromolar) 'physiological' serum concentrations of UCB are able to protect cells from oxidative-stress-mediated injury by scavenging ROS (reactive oxygen species), whereas at higher concentrations it generates free radicals by itself [61] . Thus UCB should be considered as a metabolically generated 'double-edged sword' [57] or as a 'conditionally therapeutic' compound [62] . Its effect, either cytotoxic or cytoprotective, will depend not only on the blood and/or tissue concentration of its free fraction, but also on the nature of the target cell/tissue, the type of insult and the cellular redox state (reviewed in [57] ).
The antioxidant effects of bile pigments (BV, UCB and conjugated bilirubin) in vitro include: (i) scavenging of peroxyl radicals, (ii) inhibition of membrane lipid peroxidation (synergism with α-tocopherol by scavenging the α-tocopheroxyl radical), and (iii) scavenging of RNS (reactive nitrogen species), such as peroxynitrite or its oxidative products (for a detailed review see [61] ). Interestingly, binding of bilirubin to albumin increased its capacity to scavenge peroxyl radicals, a reaction in which bilirubin is converted stoichiometrically into BV, its metabolic precursor [63] .
The cytoprotective effects of bilirubin and BV have been studied in a variety of biological systems both in vitro and in vivo. Several reports have highlighted the potential value of bile pigments in preventing or treating cardiovascular and pulmonary diseases, and cancer (reviewed in [64] [65] [66] ). Special attention has been given to the protection of transplanted organs, wherein ischaemia/reperfusion injury and the immune response impose serious therapeutic challenges (reviewed in [67]). UCB, at low concentrations, protected the myocardium from ischaemia/reperfusion injury [68] , reduced the generation of ROS during hypoxia in cardiac myocytes [69] , prevented oxidative-stress-mediated damage in vascular smooth muscle cells [70] and endothelial cells [71] , inhibited the oxidative-stress-induced chemotactic activity of monocytes [72] , and suppressed vascular thrombus formation [73] . Hyperbilirubinaemia may also have a protective role in preventing hepatocellular damage in cholestasis, by counteracting bile-acid-induced apoptosis in hepatocytes and suppressing the generation of ROS by these cells [74] . BV reduced hepatocellular damage in a hepatic ischaemia/reperfusion injury model, and increased animal survival after prolonged cold ischaemia and orthotopic liver transplantation [75] . The anti-inflammatory, anti-apoptotic, antiproliferative and antioxidative properties of BV and bilirubin, and their effects on the immune response, protect transplanted organs (reviewed in [67] ). BV also protected the liver from acetaminophen-induced injury by scavenging the electrophilic metabolite of acetaminophen [76] , and UCB administration prevented acetaminophen-induced glutathione depletion [77] . UCB and BV also have a wide array of cytoprotective effects in the immune and neural systems (discussed in detail in [57] ).
An additional facet of the protective role of UCB is manifested by its capacity to induce CYP1A1 (cytochrome P450 1A1) in jaundiced Gunn rats [78, 79] , thus enabling the elimination of UCB in these glucuronidation-deficient animals [80] . Low concentrations of UCB (10-50 μmol/l) induced CYP1A1 expression via AhR (aryl hydrocarbon receptor)-mediated transcriptional gene activation [81, 82] .
Of special importance and relevance are the studies conducted in vivo in rats with endogenously elevated bilirubin levels: the jaundiced Gunn rat, in which hyperbilirubinaemia results from a mutation in the Ugt1a1 (encoding UDP glucuronosyltransferase 1A1) gene [83] [84] [85] , and the Eisai rat, which harbours a mutation in the Abcc2 gene, coding for the canalicular multi-specific organic anion transporter [MRP-2 (multi-drug resistanceassociated protein 2)] [86] . By analogy, some human studies have been conducted in jaundiced subjects with Gilbert's syndrome (reviewed in [66] ). These individuals, who have a reduced prevalence of cardiovascular disease [87, 88] , have a congenital mutation in the promoter of hepatic UGT1A1 (UGT1A1 * 28 polymorphism), which results in reduced hepatic bilirubin excretion and slightly elevated serum UCB levels (26 compared with 9.7 μmol/l UCB in normal subjects). Interestingly, these jaundiced subjects have an increased antioxidant capacity which improves their resistance to serum oxidation and may explain the reduced prevalence of cardiovascular disease [89] . Thus it has been suggested that inducing moderate increases in plasma UCB concentrations may confer protection against the deleterious effects of oxidants and may contribute to the prevention and/or treatment of vascular diseases, cancer and inflammation [90] .
The antioxidant radical-scavenging effects of UCB may not always be cytoprotective, as is the case in delayed subarachnoid haemorrhage-induced cerebral vasospasm, a condition associated with brain ischaemia and high mortality rates. High levels of free radicals, produced in blood clots found around blood vessels after subarachnoid haemorrhage, may oxidize bilirubin to BOXes (bilirubin oxidized products) which act on vascular smooth muscle cells causing, or contributing to, chronic vasoconstriction and vasospasm (reviewed in [91] ). BOXes may be responsible for one or both events associated with cerebral vasospasm after subarachnoid haemorrhage, including a PKC (protein kinase C)-mediated contraction and a failure to relax due to Rho-mediated inhibition of MLCP (myosin light-chain phosphatase) [92] . However, the pathophysiology of the haemorrhage-induced vasoconstriction is still not fully understood, and other aggravating factors may be involved in causing cerebral vasospasm [92] , thus hindering its treatment and prevention [93] .
Another example showing that the capacity of bilirubin to scavenge free radicals may not be always cytoprotective is the impairment of the bactericidal activity of neutrophils, which may lead to septic complications [57] . This example and the cytotoxicity of BOXes stress again the 'double-edged' sword character of bilirubin.
INHIBITION OF COMPLEMENT ACTIVITY BY BILIRUBIN
BV, at low micromolar concentrations, inhibits the complement cascade mainly at the C1 step in the CP [94] , thus suggesting that bile pigments could serve as endogenous tissue protectors through anti-complement actions. BV is rapidly converted into UCB in mammals. Thus UCB may be responsible for the reported beneficial anti-complement effects of animal bile reported by Nakagami et al. [94] .
We have demonstrated previously that bilirubin, mainly in its unconjugated form, inhibits the complement haemolytic cascade in sheep erythrocytes sensitized with a rabbit anti-sheep erythrocyte antibody [95] . Our study showed that the inhibitory action of UCB is exerted mainly at the C1 step of the CP, at 42.8-85.6 μmol/l UCB (UCB/albumin molar ratio, 1.42 to 2.84 respectively), and in a dose-dependent manner. The effect of UCB on C1 activity was examined by interfering either with the binding of C1 to sheep erythrocytes sensitized with rabbit anti-sheep erythrocyte antibody, or with the binding of C1q to a solid-phase coated with human IgM or IgG. Interestingly, the inhibitory effect of UCB was more impressive in the sensitized sheep erythrocyte model than in the solid-phase immunoglobulin model. This could result from differences in the chemical nature of the binding site of complement on different antibodies.
The haemolytic activity of the CP in vitro was also inhibited by bilirubin monoglucuronide, but to a lesser extent than that seen with UCB [95] . The UCB dianion is the major charged species interacting with albumin ( Figure 4A ). When bilirubin undergoes conjugation with glucuronic acid, the carboxy groups are no longer available for interaction with proteins such as C1q ( Figure 4B ).
To establish whether the inhibitory effects of bilirubin, as demonstrated in vitro, also applied to the in vivo situation, we evaluated further the anti-complement property of UCB in vivo through the study of its ability to prevent an acute haemolytic reaction induced by the transfusion of sheep erythrocytes into rats carrying naturally occurring hetero-antibodies capable of complement fixation [96] . UCB was infused (intravenously) into these rats and the excretion of haemoglobin in urine, which is indicative of intravascular haemolysis [18] , was assessed. The UCB concentrations achieved in rat serum (15-304 μmol/l; UCB/albumin molar ratio, 0.03-0.51) produced a dosedependent decrease in urinary haemoglobin excretion [96] . In addition, consumption of serum complement was ameliorated in these animals, confirming the inhibitory action of UCB on intravascular haemolysis.
As mentioned above, the generation of a complementmediated immune attack may be involved in liver disorders, such as fulminant hepatitis, autoimmune hepatitis and primary biliary cirrhosis ( [34, 97, 98] , and reviewed in [99, 100] ), as well as in the inflammatory reactions following ischaemia/reperfusion [43] . Thus we considered it of interest to evaluate the effect of UCB on complement-mediated antibody-induced liver cell damage [101] . We found that UCB inhibited hepatocytolysis dose-dependently at concentrations ranging from 171 to 342 μmol/l (UCB/albumin molar ratio, 0.16-0.32). The anti-complement effect of UCB was tested by using an immunofluorescence assay to detect the deposition of C3 on isolated rat liver cells pre-incubated with a rabbit polyclonal antibody developed against the hepatocyte plasma membrane. We observed that the Table 1 Selected examples of the cytoprotective effects of UCB * These UCB concentrations may be regarded as 'free' (unbound) concentrations, as the UCB solutions used did not contain albumin or serum. The remaining studies used solutions of UCB which contain albumin or serum, or infused UCB to rats intravenously [96] . As 'free' UCB was not determined in these studies, the UCB concentration denotes the total (bound+unbound) UCB concentration. extent of C3 deposition was significantly decreased in the presence of 342 μmol/l UCB (UCB/albumin molar ratio, 0.32) [101] . This effect was consistent with decreased lactate dehydrogenase release into the medium, indicating a decrease in complement-mediated cell lysis. Further enzyme immunoassay studies showed that UCB interferes with the binding of C1q to purified anti-rat hepatocyte membrane IgG, also in a dose-dependent manner [101] . In order to establish whether the anti-complement effects of UCB reported above are associated with a direct interaction between the pigment and C1q, we synthesized radiolabelled UCB and tested its binding to equimolar concentrations of C1q, human serum albumin and IgG [101] . UCB bound to both C1q and human albumin, but not to IgG. A differential spectrum analysis of UCB in the presence of C1q confirmed further that the pigment was able to interact with this protein, in a similar way as it does with human serum albumin. Because of the nature of the differential spectrum analysis, it is possible to conclude that the observed UCB-C1q interaction is not a mere adsorption of the pigment on the protein surface as a consequence of its high hydrophobicity, but rather results from the interaction between specific structures on these molecules. Interestingly, and in contrast with the observations for albumin, the existence of an isosbestic point in the differential spectrum data indicated the formation of a unique type of complex between C1q and UCB [101] .
A variety of cytoprotective effects of UCB, as studied in vitro in the presence of albumin, are summarized in Table 1 .
MODEL FOR THE INTERACTION BETWEEN UCB AND C1q
The information available on the binding of UCB to serum albumin, as well as the interaction between immunoglobulins and C1q, have assisted us in building a molecular model for the interaction between UCB and C1q which results in the anti-complement effect of the pigment. This model proposes that UCB binds to C1q via an electrostatic interaction between the negative charges present on the lactam oxygen atoms of UCB and the positively charged arginine residues in the B chain of C1q ( Figure 5 ). The following experimental findings constitute the basis for the proposed model. (i) UCB binds to basic (positively charged) amino acid residues present in human serum albumin. Lysine residues in albumin play an important role in the high-affinity binding of UCB by providing salt linkages and stabilizing the native conformation of the bound pigment [102] . Chemical modification of histidine, arginine and tyrosine residues in human serum albumin reduces the UCBbinding affinity [103] . It has been proposed that UCB binding to albumin involves electrostatic interactions between positively charged amino acid residues, mostly arginine or lysine residues, and the negative charges on the lactam oxygen atoms of UCB [104, 105] . In this respect, Ostrow et al. [106] have suggested that the bilirubin dianion, in which the two carboxy groups are ionized, is the charged UCB species that is preferentially bound to albumin. (ii) We have demonstrated unambiguously that UCB interferes with the normal interaction between C1q and immunoglobulins such as IgG or IgM [95, 101] . As immunoglobulins bind to the globular heads of C1q [107] , it is possible to speculate that UCB interacts with C1q at or near these globular heads. (iii) The structure of C1q at its globular heads is basically determined by three different modules named A, B and C [1] . These modules are tightly associated in a compact, almost spherical heterotrimeric, assembly held together by non-polar interactions, and with a Ca 2 + ion bound at its top ( Figure 6 ). The three modules have clear differences in their electrostatic surface potentials, which in part explain their specificity in terms of ligand recognition [108] . Modules A and C have a combination of basic and acidic residues scattered on their external face, whereas module B has a predominance of positive charges, including two arginine residues (Arg 114 and Arg 129 ) that have been implicated in the C1q-immunoglobulin interaction [108] [109] [110] . These positively charged residues interact with two [109] . Kishore et al. [112] expressed the globular head region of the C1q B chain as a soluble fusion protein with MBP (maltose-binding protein) in Escherichia coli. A C1q-dependent haemolytic assay was performed to study the inhibitory effect of this fusion protein on C1q-mediated complement activation. These authors [112] found that the fusion protein inhibited the C1q-dependent haemolysis of IgG/IgM-sensitized erythrocytes, this effect being more potent for IgG than for IgM. This clearly implicates module B as a putative key factor involved in the interaction of C1q with negatively charged chemical structures. Interestingly, DNA is capable of interacting with C1q and, more specifically, with the C1q globular heads, thus decreasing its binding to IgG [113] . As both DNA and UCB are negatively charged, it is possible that they share with immunoglobulins the capability of interacting with C1q at its globular heads and, more specifically, at the B module. This hypothesis is supported by the experimental evidence that bilirubin monoglucuronide, which exhibits a single carboxylic group available for interaction with positively charged amino acid residues on C1q, has a substantially lower ability to inhibit the activation of complement in the CP when compared with UCB [95] .
INHIBITION OF COMPLEMENT ACTIVITY BY HYPERBILIRUBINAEMIA: BENEFICIAL OR HARMFUL EFFECT?
The anti-complement properties of bilirubin may ameliorate complement-mediated damage in diseases in which antibody-dependent complement-mediated cell injury is involved, such as autoimmune haemolytic anaemias [114] , acute hepatitis B [115, 116] or hyperacute rejection of ABO-incompatible liver allografts [117] . Interestingly, hyperbilirubinaemia is a common alteration in these particular diseases, with levels of UCB in serum compatible with significant anti-complement action, as demonstrated by our group [95, 101] .
The effects of UCB on the complement system are an additional demonstration of the cytoprotective properties of this pigment. However, taking into account the participation of complement in several phases of mammalian defence against bacterial and viral invasion, it is also reasonable to assume that hyperbilirubinaemia may adversely contribute to increase the susceptibility to infection. This may be the case in situations of deficiencies in complement, such as in chronic liver disorders [118] or in the newborn infant [119] . At present, no studies have yet been carried out in patients for evaluating such possibilities.
CONCLUSIONS
In the present review, we provide evidence for both the beneficial and harmful effects of UCB. The effects of bilirubin on activation of the complement system are described in detail, and a molecular model for the interaction between UCB and C1q is shown.
Hyperbilirubinaemia occurring concomitantly in disorders produced by uncontrolled complement activation may represent a compensatory mechanism leading to the attenuation of cell damage. Exploring the mechanism by which bilirubin and, better still, structurally related molecules leading to complement inhibition with no potential deleterious effects may be of therapeutic interest. Indeed, it is possible that the inhibition of the complement system will turn out to be an accepted therapeutic procedure in the future. The first applications will probably be seen in those situations in which an inhibition of the cascade is needed for only a short period of time, as is the case of cardiopulmonary bypass, xenotransplantation, myocardial infarction or acute respiratory distress syndrome. The great challenge for the future is the treatment of chronic diseases that require a prolonged inhibition of the complement system, as depriving the body of this critical component of natural immunity could increase the susceptibility to infections. Thus the study of the modulation of the anti-inflammatory properties of complement provides an attractive and yet poorly explored option for the treatment of several diseases.
